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Abstract 
The vertical distribution of gross primary production rates of peri- 
phyton communities was determined based on changes in the oxy- 
gen concentration. The gross primary production conformed to the 
colonization pattern of the epiphytic algae on submerged shoots of 
Phragmites australis. The algae produced the most on stem sections 
that grew from 0.2 to 0.5 m deep in the littoral zone. The PB rates, 
however, decreased on these middle sections of the stems due to in- 
creasing self-shading by the periphyton. Although high gross oxy- 
gen production rates were determined during the hours of incuba- 
tion, an oxygen deficit was calculated for the full 24 hours periods 
on all days of the investigations atthe time the algae peaks occurred 
during the spring. 
Introduction 
The littoral zones are regarded as the most productive areas of 
aquatic ecosystems, and periphytic algae can be an important 
contributer to organic matter production (WETZEL 1964, 
1990). The contribution of aufwuchs algae toward the total it- 
toral primary production ranged between 5.5 and 71% (WET- 
ZEL 1964; PIECZYNSKA & SZCZEPANSKA 1966; ALLEN 1971; 
KOMARKOVA & KOMAREK 1975; KOWALCZEWSKI 1975; Ho 
1979), and it amounted to 5.7% in dense stands of Phragmites 
australis in the eutrophic Lake Belau (GESSNER et al. 1996). 
The periphyton on emergent macrophytes forms coatings 
several millimeters thick (MESCHKAT 1933; MEULEMANS & 
ROOS 1985). The epiphytic algae are part of a very heteroge- 
niously structured community, which contains consumers 
and decomposers as well as primary producers. During 
spring, Bacillariophyceae re most abundant and form sever- 
al layers on the substrate which display a complex architec- 
* This paper is dedicated to Prof. Dr. HARTMUT KAUSCH on the occa- 
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ture (MEucHE 1939; JORGENSEN 1957; MEULEMANS & ROOS 
1985). Following the period of diatom abundance, chloro- 
phytes predominated the epiphyton in Lake Belau and 
formed filaments extending into the surrounding water. The 
most abundant invertebrates that graze on aufwuchs are 
oligochaetes, nematodes, molluscs, rotifers, insect larvae, 
and crustaceans (MEUCHE 1939; GLOWACKA et al. 1976). 
Heterotrophic bacteria colonize on algae, in the periphytic 
matrix and directly on the reed, and chytrids parasitize on 
several species of Bacillariophyceae (Roos 1983). 
Primary production by periphytic ommunities on emer- 
gent macrophytes, determined from the changes in the oxy- 
gen concentration i  light and in darkness, can produce high 
daily rates of oxygen release (ASSMAN 1953; STRASKRABA 
1963; PIECZYNSKA & SZCZEPANSKA 1966; SPODNIEWSKA et al. 
1975). The amount of dissolved oxygen released by peri- 
phytic communities depends on the light intensity and varies 
from day to day (SOMMER 1976; SAND-JENSEN et al. 1985; 
CARLTON & WETZEL 1987). In spite of the periodic release of 
large quantities of oxygen, net production rates cannot elimi- 
nate oxygen deficiency when the periphyton biomass has 
rapidly decreased or when irradiance is reduced by seasonal 
change or increased shading by a canopy of macrophytes 
(SOMMER 1976; MEULEMANS 1988). 
Production rates do not increase linearly with the chloro- 
phyll a concentration (PIECZYNSKA & SZCZEPANSKA 1966). 
Self-shading inside the periphyton layer limits the photosyn- 
thetic activity of epiphytic algae (STRASKRABA & PIEZCYNS- 
1970; SZCZEPANSKA 1968) since the photic zone is usually 
restricted to a few outer millimeters of the periphyton 
(MEULEMANS 1987; DODDS 1992). Production of oxygen 
reaches optimal rates, while supersaturation ccurs only in 
the outermost layer. In deeper layers, the oxygen concentra- 
tion is significantly lower (CARLTON & WETZEL 1987). 
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In Lake Belau, self-shading in the middle of the submerged 
part of the Phragmites stems reduced algal activity, and the PB 
rates or chlorophyll specific rate of photosynthesis decreased 
as the periphyton biomass increased (MOLLER 1995). During 
the earlier investigation, the biomass and production rates 
were determined by the z4C-method on different stems. To ex- 
amine the effect of self-shading on the photosynthetic a tivity 
of the epiphytic community in the present investigation, the 
primary production was determined from changes in the dis- 
solved oxygen concentration. This method allows both net 
production rates and chlorophyll a concentrations to be deter- 
mined in the same periphytic biocoenosis. Furthermore, the 
net primary production rates indicate whether photoau- 
totrophic processes occur more rapidly than heterotrophic 
metabolism during spring, when submerged sections of 
Phragmites are covered by dense periphytic layers. 
Material and Methods 
Material and location 
The oxygen concentrations were determined of the periphyton colo- 
nizing Phragmites australis (CAv.) TRIN. ex STEUDEL. This investi- 
gation was proposed by ASSMAN (1953), who investigated intact pe- 
riphytic communities remaining on their substrate. The Phragmites 
plants were collected along the western shore of Lake Belau, a eu- 
trophic hardwater lake in Northern Germany, the littoral zone of 
which was described previously by MOLLER (1994). The stems were 
harvested one day before the incubation was begun in the laboratory. 
The investigation began in February, when the Phragmites stems 
were nearly almost completely dead througout their entire lengths, 
and only short green sections remained alive just above the sedi- 
ment. By the end of May, the stems from the previous year were too 
short to be used for determinations. They were decomposing from 
the broken off emergent part down to submerged sections. 
Incubation procedures 
For the incubation the submerged shoots were cut into eight sections 
0.07 to 0.08 m long. The sections were exposed in 0.120 1 glass bot- 
tles filled with a modified mineral nutrient solution enriched with 
silicon (KUHL & LORENZEN 1964). Ammonium was substituted for 
nitrate to avoid oxygen release from the nitrate (WILLIAMS et al. 
1979). The bottles rotated in an incubator for 3 hours while illu- 
minated by fluorescent lamps with a photon flux density (PFD) of 
180 pmol m -2 s 1. The ambient water temperature was maintained at 
11.2 °C -+ 0.4 °C, while the littoral temperature was 3.9, 4.6, 5.5, 7.0 
and 10.9 °C on the sampling days. 
The oxygen concentrations on each two parallel stem sections 
were determined polarographically using a microprocessor ximeter 
(WTW Oxi 2000). After the oxygen determinations, the periphyton 
was scraped off onto WHATMAN GF/C glassfiber filters using a 
scalpel. This material was used for the spectrophotometric determi- 
nation (ZEISS PMQ II) of the chlorophyll a concentration according 
to the method of NUSCH (1980). After grinding the filters in a cell 
mill, the pigments were extracted in ethanol for 18 hours in the dark. 
Chlorophyll a concentrations were corrected for phaeophytin. The 
algae species composition was observed on selected stems. 
Calculation of the net production per day 
The estimation of the net daily oxygen production was based on a PI 
curve plotted from in-situ >C primary production determinations car- 
ried out from October to April of the years 1988 through 1991 
(MOLLER 1996). The BLACKMAN model was applied for calculating the 
onset of light saturated photosynthesis (Production [pg C cm -2 h -1] = 
0.00762 PAR [~mol m -2 s-l]; n = 27; r = 0.840 _ r~26;000~ = 0.588; light 
saturation onset parameter (I k) = 313 pmol m -2 s<; P~,x = 2.39 pg C 
cm 2 h-~). When the light was limiting the production rates determined 
in the incubator were calculated as a linear function of the irradiance, 
and at light saturation independent production rates were assumed. 
Calculating the photosynthetically active radiation (PAR) at 
0.35 m, the mean solar radiation during the weeks of the experi- 
ments, recorded with a Licor-quantum sensor by the Deutscher 
Wetterdienst Quickborn, was corrected for the shading by the 
canopy, which amounted to 42.2, 38.9, 37.4, 35.8 and 35.2% on the 
sampling days from February through May. The decrease in PAR by 
shading was estimated from ten measurements with a sphaericaI 
quantum sensor (QSP-170) at the sampling site in the littoral zone. 
To calculate the light attenuation under water, five measurements 
were made at 0.10 m depth intervals. The vertical attenuation coeffi- 
cient of the PAR depends not only on the phytoplankton density but 
also on the amount of resuspended sediment generated by wind in- 
duced wave action. To compensate his short-term effect on the sam- 
pling day, the constant attenuation coefficient of 1.696 m -1 was used 
as an average during the investigation period. Respiration was 
assumed to be constant for the entire 24 hours. 
The conversion of the oxygen production per cm 2 of substrate 
into a production per m; of the littoral zone was based on the follow- 
ing assumption: 60 reed stems 0.7 m long and with a mean surface 
area of 120 cm 2 are present in each m 2 of the littoral zone. 
Results 
Chlorophyll a concentration and dominant 
algae on Phragmites during spring 
The experiments were carried out while the periphyton 
biomass was characteristic of the spring period of growth 
(Fig. 1). During the first spring maximum, which occurred in 
March, the algal species belong mainly to the Bacillario- 
phyceae. They included Cymbella spp., Fragilaria spp., 
Gomphonema spp. and Cocconeis placentula var. euglypta 
(EHRENBERG) GRUNOW. The chlorophyte, Ulothrix tenuissi- 
ma K~TZING, which preferred to colonize the upper stem sec- 
tions, was less abundant as was the cyanobacterium, Geitler- 
inema splendidum (GREY. ex GOMONT) ANAQNOSTIDES, 
which occurs above the sediment. At the end of April, the 
Bacillariophyceae were replaced by the filamentous chloro- 
phytes, Oedogonium spp., Mougeotia sp. and Spirogyra spp., 
which produced a second chlorophyll maximum in June. 
On the days of the experiments the chlorophyll a concen- 
tration ranged between 1.4 and 67.8 pg cm -2. Maximum 
amounts of chlorophyll a were found at the middle of the 
submerged stems, whereas on the upper and lower sections, 
only low concentrations were determined (Fig. 2). 
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Oxygen production and respiration rates 
The hourly gross production rates of the periphyton ranged 
between 1.6 and 17.8 pg O2 cm -2 h -1 and correspond closely 
to the vertical distribution of the chlorophyll a concentra- 
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Fig. 1. Annual cycle of the chlorophyll a concentration on Phrag- 
mites australis in 1992. The curve above shows the changes in the 
average amount of chlorophyll a in the periphyton on the entire 
length of two stems, while the isolines below show the vertical dis- 
tribution of the chlorophyll a concentration  the stems. Arrows in- 
dicate days on which the experiments were undertaken. 
the entire stems was consumed by metabolic processes of the 
periphyton as well as the macrophyte (s.d._+ 25.2%; range: 
6.3-126.5%; Fig. 4). Net oxygen production peaked in 
February and May, when the biomass of diatoms and fila- 
mentous chlorophytes was increasing. However, during the 
interim the respiration processes consumed more than 50% 
of the material produced. 
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Fig. 3. Vertical distribution of the gross production rate (solid line) 
and the respiration rate (dotted line) of periphyton on Phragmites 
australis. The curves represent the average of two parallel determi- 
nations. The values in the figures are the mean gross production 
rates in pg 02 cm -2 h -~ on the entire stems. 
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Fig. 2. Distribution of the chlorophyll a concentration in periphyton 
on Phragmites australis stems exposed to a PFD of 180 pmol m -2 s 
(solid line) or kept in the dark (dotted line). The curves represent the 
average of two parallel determinations. The values in the figures in- 
dicate the mean chlorophyll a concentrations i  gg cm 2 on the entire 
stems. 
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Fig. 4. Vertical distribution of the percentage of the net production 
rate within the gross production rate of the periphyton on Phrag- 
mites australis. The values in the figures indicate the mean net pro- 
duction as percentage ofthat on the entire stems. 
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A net gain in the production of oxygen was determined on 
nearly all sections of the stems in the vertical profile. There 
were exceptions when decomposition processes by the 
macrophyte tissue consumed more oxygen than the amount 
produced by the epiphytes. This occurred in March on the 
sections of the stem above the sediment, where there were 
senescent leave sheaths. It occurred again in May just below 
the water surface, where the stem was decomposing. 
PB rate 
The epiphytes produced the highest PB rates on the stem sec- 
tions from just below the water surface, and on the sections 
just above the sediment, where the stems were colonized by 
thin periphytic oatings (Fig. 5). When the chlorophyll a 
concentration on the middle stem sections was increasing, a 
decrease was observed in the PB rates indicating reduced 
photosynthesis activity due to intensive self-shading by the 
periphyton. Exceptionally high PB rates were determined 
when the net production rates were negative due to high res- 
piration rates on the lowest stem section in March and on the 
uppermost stem section in May. 
Table 1. Daily oxygen deficit per unit area on Phragmites and in the 
littoral zone. 
Date Phragmites Littoral Zone Littoral Zone 
[lag 02 cm 2 d 1] [mg 02 m -2 d -]] [lag 021 i d 1] 
26.02.92 -7.119 -51.294 -73.227 
25.03.92 -48.136 -346.578 -495.112 
08.04.92 -36.100 -259.924 -371.320 
22.04.92 -17.850 -128.492 -183.560 
06.05.92 -5.839 -42.038 -60.054 
ranged between -5.84 and -48.14 ~ag 0 2 cm -2 d -~ on Phrag- 
mites (Table 1), which was equivalent to-60.05 and 495.11 
~tg O21 1 dL  As the PAR increased uring spring, the oxygen 
deficit was reduced. However, when the periphytic layers in- 
creased in density during March and April, the oxygen con- 
sumption on the stems increased• 
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Fig. 5. Vertical distribution of the chlorophyll specific rate of pho- 
tosynthesis (PB) (solid line) and the chlorophyll a concentration 
(dotted line) on Phragmites australis. The PB rates base on the gross 
production rates and the chlorophyll a concentrations and mean val- 
ues for four stems incubated. The values in the figures are the mean 
PB rates in gg 02 lagChl cm -2 h -1 of the entire stems. 
Net  da i ly  oxygen product ion  rate 
During spring, the periphyton metabolism consumed oxygen 
from the ambient water in the littoral zone and did not supply 
oxygen. The daily net production was always negative and 
During spring 1992, the chlorophyll a concentrations and 
species present among the epiphytic algae on Phragmites 
austraIis were similar to those observed during previous 
years (Mt2LLER 1994, 1995), although the very intensive 
solar radiation during May and June caused an extraordinari- 
ly high maximum density of filamentous chlorophytes. 
Primary production determinations using the oxygen 
method for intact periphytic communities remaining on 
Phragmites plants account for oxygen release and respira- 
tion rates by the periphyton biocoenosis and in the substrate. 
Although the proportion of the dissolved oxygen production 
contributed by the macrophytes can be high in comparison to 
that of the periphyton (ASSMAN 1953; SAND-JENSEN et al. 
1985), it can be generally neglected in this case, because the 
Phragmites stems were almost completely dead by February. 
Hourly rates of net oxygen were in the same order of mag- 
nitude as those determined on periphyton i  situ (SzcZEPANS- 
KI ~; SZCZEPANSKA 1966; SOMMER 1976). In Lake Belau 
gross oxygen production rates were converted to carbon 
without using any correction factor. They were equal to 97.8 
through 126.7% of those rates as determined by 14C assimila- 
tion hz situ around midday (MULLER, unpubl, results). These 
determinations were carried out one day before the incuba- 
tions were begun in the laboratory. However, on April 21 and 
22, oxygen production was three times greater than ]4C pro- 
duction because silicon concentrations in the littoral zone 
were a limiting factor for cell division by diatoms (WERNER 
1978), which were still predominant in the periphyton during 
that period. 
Much of the released oxygen is immediately consumed by 
the algae themselves but as well as by heterotrophic organ- 
isms in the intact periphyton layers (ASSMAN 1953; KO- 
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MARKOVA ~2 MARVAN 1987). In Phragmites tands in the 
Neusiedlersee, heterotrophic activity produced an oxygen 
deficiency following periods of maximum development by 
periphyton communities. Such deficiencies were recorded in 
autumn when the PAR decreased (SOMMER 1977). 
In Lake Belau, the animals found on the stems which con- 
tributed to the spring oxygen deficiency included the snail, 
Acroloxus lacustris LINNI~, the nematodes, Punctodora 
ratzeburgensis LINSTOW and Chromadorina cf. viridis, and 
the oligochaetes Nais spp., Chaetogaster diastrophus 
GROITHUISEN and Stylaria lacustris L1NNI~. The nematodes 
became most abundant during and the oligochaetes follow- 
ing the development of the algae during spring (Lt3HLEIN 
1996, 1998). Insect larvae became abundant in May and 
were therefore only observed near the end of the investiga- 
tion (OTTO 1991). 
Bacteria and fungi, the decomposers of dead macro- 
phytes, were responsible for almost equal proportions of 
oxygen consumption (MASON 1976). However, great epi- 
phytic algae abundance favours the growth of bacteria 
biomass because they depend on extracellular organic car- 
bon released during photoautotrophic production (NEELY 
1994, 1995). 
Vertical distribution of the PB rates coincided with that de- 
termined by in situ 14C assimilation methods during previous 
years, as well as with those determined one day before the 
incubation in the laboratory (Mt)LLER 1995, unpubl, results). 
At the light intensities prevailing in the incubator, which 
reach all stem sections equally, the PB rates on the middle 
stem sections were less than those found during in situ expo- 
sure. The increase in the PB rate toward the sediment is relat- 
ed to the small periphyton biomass and not to the adaptation 
processes of epiphytic algae communities to lower PAR 
above the sediment. The vertical distribution of the PB rates 
calculated from the oxygen and the 14C-method were similar, 
supporting the assumption that there is considerable self- 
shading inside the periphytic layer on Phragmites tems. 
This is valid, although the determination of the net oxygen 
production rates and respiration rates still have to be carried 
out on different sections of the stems. 
The I k of 313 pmol m -2 s : used for the calculations of the 
daily oxygen production was calculated from the amount of 
production during winter and spring, when the periphyton ar- 
chitecture was very complex with multistorey layers. The I k 
describes the irradiance outside of the periphyton and is more 
than twice as high as the values from 105 to 135 laE m -2 s -1 
determined for periphyton communities on Potamogeton 
crispus L~YNE by using microprofiles (SAND-JENSEN et al. 
1985). Although the high Ikvalue for the periphyton in Lake 
Belau would indicate that the gross oxygen production rates 
were high, the calculated aily oxygen deficit was similar to 
those recorded for periphyton communities of the Neusied- 
lersee during autumn at decreasing biomass (SOMMER 1977). 
The periphyton forms a sink for oxygen in the littoral 
zone of Lake Belau from the end of February through early 
May. It can be assumed that its respiratory activity consumes 
more oxygen than the periphytic autotrophs produce 
throughout the year because its biomass is very small during 
summer and autumn due to grazing by Acroloxus lacustris 
and insect larvae (AsSHOFF 1990; OTTO 1991). Oxygen is not 
only consumed by the aquatic invertebrates but also by the 
bacteria that consume the dead leaves and leaf sheaths and 
the fungi which attack the growing parts of the plants as soon 
as they emerge above the surface of the water. However, the 
impact of the oxygen deficit on the waters of the littoral zone 
is slight, and the oxygen concentration i  these waters during 
1992 ranged between 6.2 to 14 mg 1-1, which was 53 to 130% 
of saturation. 
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